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FOREWORD 

This report was prepared under contract F33615-73-C-5133, by the 
Adhesives Department, Hysol Division, The Dexter Corporation, Pittsburg, 
California as prime contractor and the McDonnell Aircraft Company, St. Louis, 
Missouri, as sub-contractor. This contract was administered under Project 
Number 7340, "Non-Metallic and Composite Materials", Task Number 7340002., 
"Structural Adhesives". The Air Force Materials Laboratory contract monitor 
was T. J. Aponyi (AFML/MBC) of the Plastics and Composites Branch, of the 
Non-Metallic Materials Division. 

This report covers the product optimization phase of the contract 
work  The results of the original exploration and demonstration of the 
concept of adhesive fatigue life improvement via high modulus fiber addition 
to the adhesive may be found in AFML-TR-74-169.  ____ 

1975. 
This report covers the work performed between June 1974 and June 

The authors are D. K. Klapprott and C. L. Mahoney of the Hysol 
Divsion, The Dexter Corporation, and P. M. Stifel and E. R. Fannm of the 
McDonnell Aircraft Company. The report was submitted for approval of 
6 October 1975. 
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Treatment of the PWA graphite fabric with Z-6040 silane resulted 
in the increase of the stress level which would survive 107 cycles of fatigue, 
SS? It*^,!!»* reini:orcenient for ADX-653, from 2150 psi  (as determined in 
AhML-TR-74-169) to 2550 psi.    However, this amounts to an increase in fatigue 
strength from 47.5% of ultimate to only 51.5% due to a significant increase 
in the strength of the titanium-graphite/epoxy double lap shear test specimens. 
Initial estimates of the fatigue strength of the ADX-653/Nylon knit system 
(1400 psi may have been low.    Repetition of this experiment resulted in a 2000 
psi value.    No viable reasons for this discrepency were found. 

Titanium-graphite/epoxy step-lap splice plate specimens were used to 
measure the level of fatigue performance improvement in terms more represen- 
tative of advanced aircraft design.    Constant amplitude fatigue testing of 
these specimens was aborted after significant problems with metal fatigue were 
found.    At high stress levels, 50% of ultimate, the specimens were adhesive 
critical and failed in the bondline.    However, at slightly lower stresses 
(40 to 45% of ultimate), the titanium failed by a simple fatigue mechanism. 
The small amount of data did reveal a two-fold improvement in fatigue resis- 
tance due to the high modulus fiber reinforcement. 

A five-fold increase in fatigue resistance due to bondline rein- 
forcement with PWA graphite was demonstrated using the multiple step specimen 
]u anu!?ect^uin fati9ue test-    Thus, using a test limit load of 13,500 pounds, 
the PWA reinforced system survived 1.63 simulated fighter flight lifetimes 
Vo I6«       ny1on knit suPP0|rted control failed at 0.32 lifetimes.    Using a 
i!,0r: P^d test li,nit 1oad' the expected life was 3.02 and 0.63 lifetimes 
for the PWA and nylon systems respectively.    Bondline reinforcement with high 
modulus fibers also results in resistance to high (>90% of ultimate) loading 
during fatigue testing.    A 125% test limit load was applied periodically 
during the 12,000 pound test.    The ADX-653/nylon system predominantly failed 
during the application of this load while the PWA reinforced system survived 
^e!n 3 ?,?d.8 load aPP1 nation.     Additionally, no failure occurred during 
125% test limit load application. 

The ADX-653/PWA system, although showing a large increase in fati- 
gue resistance over a ADX-653/nylon knit containing control, has inferior 
spectrum fatigue resistance, compared to 350oF service used in fighter air- 
craft construction (using the 13,500 pound test).    Whereas, the ADX-653/PWA 
system failed at 1.63 lifetimes, the commercial adhesive failed at 2.52 lifetimes. 
Analysis of the results indicated that the lower ultimate strength of the ADX-653 
system (16,000 pounds) compared to the commercial adhesive (20,000 pounds) may 

a Ä« f!ct?r.ln this discrepency.    This results in the testing centering 
around 85% of ultimate in the case of the ADX-653/PWA combination and only 67.5% 
for the commercial adhesive.    Another possible reason for this discrepancy lies 
in the fact that the test specimen was designed for this specific commercial 
adhesive and does not reflect the stress-strain properties of the ADX-653/PWA 
adnesive system. 

* *,     »«w^lliS?1^1! also suggests that increasing the ultimate strength 
of the ADX-653/PWA combination would produce significant and practical  increases 
in the fatigue resistance. 

fc. 

\  \ 
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3.0 PHASE I, TASK 1 IMPROVED FIBER - RESIN ADHESION 

The initial experimental effort in this contract1) defined two 
types of high strength, high modulus fibers which appreciably improved 
the fatigue resistance of ADX-653, a 350oF service adhesive system. 
Graphite, in the form of style PWA fabric (fiber modulus <J0 x 10^ psi), 
was the superior of the two and was used to effect a 49% increase, com- 
pared to a state of the art nylon knitted scrim, in the applied stress 
which survived 10' cycles of constant amplitude fatigue. A square weave 
fabric of Kevlar 49 (Ef = 19 x 10^ psi) gave, in screening tests, fatigue 
resistance better than the PWA graphite, but significantly lower ultimate 
strength (4285 vs. 5270 psi). The Kevlar 49 reinforced adhesive was con- 
sidered inferior because of this lower strength. 

One of the initial goals of this supplemental effort was to 
improve the ultimate strength performance of Kevlar 49 reinforced ADX- 
653. Examination of the bond failure revealed that the bond failed at the 
adhesive resin-fiber interface (Figure 1). Conceivably, this low level of 
fiber-resin adhesion could be associated with premature bond failure, 
resulting in low ultimate strength levels. Using this rationale, an increase 
in the specific adhesion of the ADX-653 resin system to the Kevlar fiber 
could result in higher levels of static strength. Viewing this lack of 
adhesion as a "defect", fatigue resistance should not be impaired by this 
lack in adhesion. 

For the purposes of this experiment, the low level of adhesion 
was viewed as an insufficiency in either the level of resin "wetting" of the 
fiber or in the number and/or type of adhesive bonding sites. The Kevlar 49 
fabric was woven from 195 deneir yarn which has 134 fiber filaments. Appli- 
cation of a viscous resin solution, such as ADX-653, could result in signi- 
ficant levels of non-wetted (i.e., non-bonded) surface in the interior of 
the yarn bundle. These defects, under stress could extend to the bundle sur- 
face giving an adhesive failure of the bond. Adhesive bonding with epoxies 
usually occurs through highly polar dipoles. The number of these in the 
high temperature service formulation u^d, prior to cure, is not great due to 
the nature of the resins. Lack of specific adhesion between the resin and 
the dipole structure in the Kevlar (i.e., amide bonds) could result in some 
unbonded areas acting as surface "defects". 

A number of high molecular weight polymers containing highly 
polar dipoles were selected as resinous washes for the fiber. In addi- 
tion, several reactive surface finishes used in the commercial fabric 
market (i.e., melamine and silanes) were also studied. These systems 
were applied to the fiber under conditions designed to maximize wetting. 
The change in composite interlaminar shear strength due to 24 hours 
exposure to boiling water was used as a guage of finish effectiveness. 

This series of resinous washes were also applied to the PWA 
graphite fabric. Although adhesion of ADX-653 to this fiber surface is 
considered good, a small amount of adhesive failure, resin from fiber, is 
noticed. The graphite surface contains both acidic and basic sites and 
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the fabric is constructed of multi-filament yarns.    These two facts 
suggest tSe possibility of property improvement by resin wash appHcation. 

The intent of this experiment is to investigate the use of 
resin washes to facilitate improved adhesive bonding of the ADX-653 to 
the fiber surfaces'    It was not designed to develop a finishing agent. 
As such   the effectiveness of the agents was guaged by performance tes- 
? ng le els and nSt by direct observation of the ^'^.^t^ 
Such a study, although needed, was beyond the scope of this effort. 

3.1)    SELECTION OF RESIN WASHES 

Two general types of resin washes were used in the attempt to 
improve fiber-resin adhesion.    These were:    1. polymeric ^sins with 
grSp   within tie molecule which could ^teract by hyrogen bonding w 
the amide group of the Kevlar and the acidic and basic sites on the sur 
face of the graphite and. 2. reactive silanes. designed to bond to the 
acidic sites of the graphite 

To augment the information gained from these washes, i »*j*«|M 
rPlpase aaent was included to guage the effect of a total loss of fiber- 
relfnadhlsion     Also the fabrics were vacuum dried to determine the role 
of surface moisture on adhesion. 

Specifically, these washes were: 

-5- 
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Resin Resin Structure Comments 

ADX-653 

PAHO 

CH- 

- -CH2 CH CH2-0 ^3~t"^3" 
" OH CH, 

Hydrogen bonding through 
hydroxyl group. Difficult 
to displace entirely from 
surface. Capable of accomo- 
dating thermal strains 
through yielding. 

i 

KSLA CH2CH CH2-0 

OH 

Estane 5703 R—0—C—N—R 

Higher Tg than PAHJ, 
Experimental 

Commercial Thermoplastic 
Polyurethane. Lower Tg 
than PAHJ 

Aerotex M-3 
Commercial "melamine" 
fabric finish 

Z-6020 H2N(CH2)2NH(CH2)3Si{0CH3)3 
Reactive through hydrolized 
Si-0CH3 sites and the N-H 
sites. 

A 
Z-6040    CH2—CH—CH2—0—{CH2)3—8^0^3)3 

Reactive through both 
hydrolized Si-0CH3 and 
epoxide sites. 

Ram 225 
Commercial silicone release 
agent. Attpmpt to destroy 
all adhesion. 

Air Dry 
Dried 18 hours @ 1210C. 
Eliminate surface moisture. 
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3.2)    EXPERIMENTAL 

ThP resin washes were applied to the fabrics from 1% solids 

Ram 225 (Toluene). 

Fabric interstitial air was eliminated by evacuation of the 
smnple in Stil T-   The resin solution was then »»UHj^thJ^«». 

^red^^n^b^1»?^" ^c ^rao^rn^es ^äbl I   on- 
allowed to f^11?^^ 0I1 "^ .   . ^g,, removed, excess solution 

SaS S^lTt^ÄTJS Ä/eS Ä^te 
at 350°F cure. 

The Dolvmeric resin washes were absorbed onto the Kevlar-49 
The poiymenc rroi* determined by fabric weight 

surface ^ arme °f 0.6 to 1:3% Cw/jM» «W™ %***     release agent 

L+ i o anH «; •? weiaht oercent. the exception being ADX-bb3 {V.VIK LW/WJ;. 
?Se reacJive' iUne   a'nd Sm 225 added less than 0.01* to the f>brK 

S     ai MÄ mWM A3 ^M 
and to fill the interstitial voids of the fabric. 

3.3)    EFFECT OF RESINOUS WASHES 

The effect of the fiber washes on the adhesion of ADX-653 to 
hnth nranhite and Kevlar 49 was guaged by determining the 75 F inter- 
lalfr sh^ar strengt   (short beam method) of a 0.080 inch thick composite 
specimen after a 24 hour water boil.   For test method, see Appendix. 

3.3.1)   Style 120 Kevlar-49 

The performance of the Kevlar 49 control system was not exceeded 

ionl?ol) to 4600 ^i (Aerotex 14-3).    This variation of strength could not 
SecSrillated with either the type of finish or the volume ^tion of 
fiber in the composite.    The retention of strength after a24 hour water 
boil varied from 100% (PAHJ and untreated control) to ;^g4U^fi&»i 
In aeneral the polymeric resin treated systems performed better (80-90% 
r2ten?ion   than dd reactive si lanes (66-72% retention).    The Ram-225 
re ISse a"IS Seated treated system exhibited ^^^ZliilrZ 
retention) but no poorer than the Aerotex M-3 (63.5%) or «J« 1^r;^ 
astern (7   7%)     The level of Ram 225 add-on   0.01%) may have been too 
&To be effective     The reason for the poor perfomance of the air dried 
system is not known. 

Microscopic examination^ the failed short beam specimens also 
indicated that the level of adhesion had not been improved.    When dry. 
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the specimens failed by a combination of interlaminar (usually in the 
tension face) and across ply failure modes (Figure 2 )•    After a 24 hour 
boiling water exposure, a less distinct failure mode was evident but what 
was seer with the same combination of interlaminar and cross laminar frac- 
ture (Figure 3 ) with most of the failure being the former.   These was no 
significant differences in this failure phenomenon as evidenced by com- 
paring the failure surfaces of fabric treated with either Phenoxy PAHJ 
or Estane 5703 (Figure 4). 

3.3.2) Style PWA Graphite 

The already high level of resin-fiber adhesion of the ADX-653/ 
PWA system was not increased by any of the fabric washes used.    The inter- 
laminer shear strength retention after water boil of the control system 
was not exceeded by any of the resin wash treated systems (Table 3 ). 
This control retained 98.6% of its initial strength (3480 psi) while the 
performance of the treated systems varied from 100% (Aerotex M-3) to 80.9% 
(ADX-653 dilute solution).    The higher level of initial strength of the 
treated systems as compared to the control might be construed as evidence 
for better adhesion but it is felt that this is an artifact as reflected 
by the high strength levels of both the dilute solution ADX-653 and air 
dried systems. 

The type of failure morphology before and after boiling water 
exposure was not modified by any fiber surface treatment.    In  all cases, 
the failure occured by cross laminar failure (Figure 5 ).    Additionally a 
small amount of bare graphite fiber was always seen at the tension surface 
but the amount of this did not vary with any fabric treatment (Figure 6 ). 

3.3.3) Conclusions 

The level of adhesion of the ADX-653 resin system to both 
Kevlar 49 and PWA graphite fibers was not increased by treatment of the 
fiber surfaces with various resin washes. This conclusion was reached 
after comparing both the percent retention of ultimate interlaminar shear 
strength and failure morphology after 24 hours water boil. In both cases, 
untreated control systems retained the maximum level of strength. 

3.4) SYSTEM SELECTION FOR FATIGUE SCREENING 

The interlaminar shear testing mentioned above was used as a 
convenient and effecient screening tool for fiber resin adhesion. The 
performance test of interest in this work is fatigue resistance. Since 
there was no resin wash which improved fiber-resin adhesion as guaged by 
interlaminar shear strength retention, several systems for each fiber were 
selected which best exemplified the range of shear strength retention 
behavior seen. 

3.4.1 Style 120 Kevlar 49 

Systems exhibiting extremes of shear strength retention were 
selected for fatigue testing. These were PAHJ (a phenoxy polymer, 100% 
retention) and Z-6040 (the epoxy functional si lane, 72% retention). In 

-8- 
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addition, the ADX-653 treated system was included as a control and the 
RAM 225 (a silicone release agent) was tested to investigate the effect 
of total loss of adhesion. 

3.4.2) Style PWA Graphite 

Representatives of the two major types of washes investigated 
(polymeric and si lane) which exhibited a large retention of shear strength 
and which are comnercially available and easily applied were selected for 
fatigue testing.    These were:    PAHJ, 88.6% retention; Estane 5703, 89.7% 
retention; and Z-6040, 97.1% retention.    Again, the ADX-653 treated speci- 
men was included as a control. 

3.5)    FATIGUE SCREENING 

Constant amplitude fatigue screening was performed on both the 
ADX-653/Kevlar 49 and PWA graphite systems at 2600 psi maximum applied 
fatigue stress.    This stress level was selected as being 55% of the ulti- 
mate strength of the ADX-653/PWA graphite control system.    At this stress 
level, ADX-653 reinforced with PWA has historically failed at 100,000 
cycles.    The fatigue screening was conducted using a Titanium-Titanium 
double lap shear specimen (Figure  7). 

3.5.1)    Style PWA Graphite 

ADX-653 reinforced with style PWA which had been treated with 
the resin washes gave ultimate tensile shear strengths at 75 MTable 4) 
which were equivalent to that of the control system (4700 to 5300 pslj. 
These values ranged from 4680 psi, given by the PAHJ phenoxy treated system 
to the 4810 psi of the Estane polyurethane system. 

Application of both the Z-6040 epoxy si lane and the Estane 5703 
polyurethane to the PWA fabric resulted in an increase   n ™1gwi rtfU- 
tance by a factor of approximately two (both systems failed at 200.000 
cycles) as compared to the control.    The PAHJ phenoxy and fJX-653 treated 
systems gave fatigue resistance equivalent to the control (100,000 cycles). 
Microscopic examination of the failed fatigue specimens revealed no mor- 
phological differences in resin-fiber adhesion which correlated with the 
increase in fatigue resistance.   The major failure mode was in the resin 
near the metal interface. 

3.5.2)    Style 120 Kevlar 49 

All resin wash treated ADX-653/Style 120 Kevlar 49 adhesive 
systems gave 750F ultimate shear strengths equivalent to the previously 
determined value of the control (4285 psi. Table 4).    These strengths 
ranged from 4070 psi (RAM 225 treatment) to 4320 psi (PAHJ treatment). 
All systems were fatigue tested at 2600 psi, 60 to 65% of their ulti- 
mate shear strength.    The fatigue resistance was decreased considerably 
at this stress level as compared to the previously determined control 
(976,000 cycles at 2140 psi).    Maximum fatigue resistance (47.000 cycles) 
was given by the ADX-653 treated control system (Table 4)     The otjer 
treatments gave fatigue lives varying from 33,000 cycles (Z-6040 treatment) 
to 13,000 cycles (RAM 225).   Microscopic examination of the failed 

f 
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specimens did not reveal any improvement of the resin to fiber adhesion. 
A complete adhesive failure of resin from fiber surface persisted. 

3.5.3) Effect of Resin Washes on Elevated Temperature Shear 
Strengths 

The presence of thermoplastic resin such as PAHJ phenoxy and 
Estane polyurethane at the resin/fiber interface might have a deleterious 
effect on shear strength at temperatures above their Tg, expecially at 
350oF. No such effect has been noticed (Table 5). The 350oF blister 
shear strength of the resin treated PWA/ADX-653 systems ranged from 2100 
psi to 2350 psi, essentially that of the ADX-653 treated control (2280 
psi). The ADX-653/Kevlar 49 system appears to have been affected adversely 
at 350oF by the presence of the PAHJ phenoxy resin wash. The blister shear 
strength at this temperature (1510 psi) was significantly lower than either 
the ADX-653 control (1970 psi) or the other resin washes (>2100 psi, 
Table 4). 

3.5.4) Conclusions 

The fatigue resistance of the ADX-653/style PWA graphite adhe- 
sive system was increased by a factor of aoproximately 2 by the use of a 
dilute resin wash of either Z-6040, epo*y si lane, or Estane 5703, thermo- 
plastic urethane.    There were no visual differences in adhesion at failure, 
however.    The presence of a thermoplastic resin at the resin-fiber interface 
did not affect the shear strength of the system at temperatures much above 
the thermoplastic resin's glass transition temperature.    This possibly could 
be due to a solution of the thermoplastic by the ADX-653 resin system.    All 
following work with graphite fibers used a wash of Z-6040 si lane on the 
fiber surface.    This wash was selected over the Estane 5703 because of its 
established performance in improving the adhesion of epoxy resins to glass 
fabrics.    The adhesion of ADX-653 to the Kevlar 49 fiber surface was not 
improved to any significant extent as guaged by microscopic examination of 
the failed fatigue fracture surfaces.   All specimens examined showed an 
almost complete absence of resin adhering to the fabric surface.    Interpre- 
tation of the fatigue results has been complicated by the high stress level 
at which the tests were conducted (60-65% of the systems ultimate shear 
strength).    At this level, fatigue results were low (less than 50,000 cycles 
to failure) and no control exists for this stress level.    The system treated 
with the RAM 225 release agent, designed to destroy all adhesion, failed at 
13,000 cycles.    This level was only slightly less than one third of the maxi- 
mum resistance shown by the ADX-653 treated system.    These results, possibly, 
reflect the poor level  of adhesion of ADX-653 to the Kevlar 49 surface.    All 
following tests using Kevlar 49 had a dilute resin wash of ADX-653 applied 
to the fiber surface. 
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Prior to adhesive resin impregnation, the fabrics were treated 
with the fiber resin wash determined to be optimum in Task 1 of this 
effort.    These washes were:    Thornel 300, Z-6040 epo*y functional si lane 
and; Kevlar 49, dilute ADX-653 adhesive system.    Adhesive films were manu- 
factured from the fabrics by solvent impregnation.    The finished tape 
weights were selected to provide enough resin to fill interstitial voids 
and allow for flow and wetting.    These tape weights are listed in the 
above table. 

4.2   RESULTS 

Titanium-Titanium double lap shear specimens (Figure 7) were 
manufactured from each adhesive/fabric combination. 1 

■ 

4.2.1    Ultimate Shear Strength 

Ultimate strength testing of the graphite reinforced adhesives 
i gave quite variable results, all of which were significantly lower than 

the PWA system, examined in previous work (Table 6).    The values of 
strength and bondline thickness were:    Style 1065, 1995 psi and 11 mils; 
Style 1509, 3800 psi and 16 mils; Style 1522, 4160 psi and 15 mils.    PWA 
graphite reinforced ADX-653, when similarily tested, yields 4700 psi and 
8 mils bondline thickness.    The low strength of the Style 1065 was unex- 
pected as quality assurance testing of the lots did not predict any large 
difference between it and Style 1509.    The Style 1065 reinforced adhesive 
gave a failure surface within the fabric while the styles 1509 and 1522 
gave failure morphologies similar to the PWA; a resin failure near the 
metal interface.    Because of the low strength and unusual failure mor- 
phology. Style 1065 graphite reinforced ADX-653 was eliminated from the 
program. 

ADX-653 reinforced with the three Kevlar 49 fabrics gave ulti- 
mate strengths and failure morphologies similar to the Style 120 Kevlar 
used earlier.    The strengths and bondline thicknesses were:    Style 220, 
4320 psi and 5 mils. Style 281, 4020 psi and 12 mils; Style 328, 3540 psi 
and 11 mils (Table 6).    The Style 120 reinforced ADX-653 has consistantly 
given 4000 to 4300 psi.    All failures were of the adhesive type between 
the resin and fiber surface and were consistent with past experience with 
other Kevlar 49 reinforced adhesives. 

4.2.2)    Fatigue Screening 

The fatigue screening tests were conducted at 2180 psi maximum 
applied stress rather than the 2600 psi used in Task 1 because at the rat- 
her low fatigue lifetimes expected at the higher stress levels (50,000 
cycles) any differences due to bondline thickness could be masked by the 
normal amount of data scatter.    Testing at 2180 psi, 55% of the grand average 
of ultimate strength os all systems, should extend the fatigue lifetimes 
into a region when significant differences would be more easily detected. 

The fatigue lives of the graphite reinforced adhesives were 
unexpectedly short for the low maximum applied stress (29,000 and 100,000 
cycles to failure for the styles 1509 and 1522 fabrics respectively. 
Table 7).    In contrast, PWA reinforced ADX-653 failed at 200,000 cycles 
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when tested at 2600 psi maximum stress. 400 psi greater than the present 
experiment (Table 4). 

Microscopic examination of the PWA specimens showed a great 
deal more surface area generated upon failure with the fracture surface 
transferring from one side of the fabric to the other near the mid point 
of the bond.    In contrast, the 1509 and 1522 reinforced systems exhibited 
a smooth fracture surface with no transfer from one side to the other. 

The three Kevlar 49 reinforced adhesive systems gave fatigue 
resistance at the level which was expected for the test stress level 
(2180 psi). Specifically» ADX-653 reinforced with style 220 Kevlar 49 
failed at 2,303,000 cycles and 0.012" bondline and style 328 at 73,000 
cycles and 0.011" bond. Previous experience using Style 120 Kevlar w 
reinforced ADX-653 has yielded a fatigue life of 976,000 cycles when 
tested at 2140 psi.    All failure surfaces were adhesive; resin from fiber. 

4.3)    CONCLUSIONS 

The dependance of adhesive fatigue resistance, as guaged by a 
single load level screening test, upon the bond line thickness was not 
established by this experimental work. 

The ability to predict cured bondline thickness for fabric cured 
ply thickness is poor.    As an example, this method predicted cured bondlmes 
for styles 281 and 328 Kevlar 49 fabric reinforced ADX-653 of 0.010 and 
0.013 inches respectively.    Actually, the style 281 gave a bond thickness 
of 0.0123 inches and the 328, 0.011 inches.   Apparently, some unknown 
variable has a large controlling effect. 

Because the poor ultimate strength of the 1065 style graphite 
fabric system eliminated this data point from consideration, little infor- 
mation was obtained from the experiments using graphite.    The style 1509 
and 1522 graphite reinforced adhesives varied significantly in fatigue 
resistance (respectively, 29.000 and 100,000 cycles to failure) but at 
equivalent cured bondline thickness (0.0157 and 0.0153 inches). 

A correlation of fatigue resistance with adhesive bondline 
thickness was possible in the case of the Kevlar 49 reinforced systems. 
Both large variations in fatigue resistance and bond thickness existed and 
appeared to indicate a trend of declining durability with increasing 
thickness.    However, a plot of these two variables (Figure 8) shows this 
correlation to be somewhat tenuous. 

A strong correlation was found between fati§ue resistance and the 
percent of each system's ultimate strength at which it was tested (Figure 
9).    Additionally, the pair of data points from the graphite reinforced 
systems form a parallel curve at a lower fatigue resistance level.    It thus 
appears that what fatigue variations which were noticed in this experiment 
are generally resultant from variations in the percent of ultimate strength 
at which the systems were tested.   Whatever effect that bond thickness 
exerted on these results was smaller and submerged by the controlling variable 
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The level of ultimate strength of the systems does not appear 
to be dependant upon the bond thickness or fiber volume.    This parameter 
is, more likely, dependant upon fiber-resin adhesion and the weave of the 
fabric.    This latter variable can control the locus of failure. 

Any future attempts to define the dependancy on bondline thick- 
ness must be done using equivalent fiber types and constructions as well 
as with adhesives of similar ultimate strength. 

i 
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5.0)    PHASE I, TASK 3   VARIATION IN BOND FIBER VOLUME 

Many of the physical properties of materials which use a rein- 
forcing fiber can be predicted by use of the rule of mixtures.    The 
improvement of fatigue resistance by incorporation of high modulus fibers has 
been rationalized to exist because of the reinforcing action of the fibers. 
If this is indeed the case, the volume percentage of fiber in the bond 
would be a very important variable. 

An investigation into the effect of bondline fiber volume on 
fatigue resistance was made.    Three fabrics each of graphite and Kevlar 49 
were used.    In order to maintain a constant bondline thickness, the fabrics 
were modifications of the PWA graphite and 120 Kevlar 49 materials.    The 
changes were made by removing a known amount of the fill yarns.    Maintenance 
of the number and distribution of warp yarns would control, it was rationa- 
lized, the cured bondline thickness. 

The fabrics used were: 

Fiber Fabric Construction 

Graphite PWA 48 x 44 

Graphite PWA 48 x 29 

Graphite PWA 48 x 22 

Kevlar 49 120 34 x 34 

Kevlar 49 120 34 x 26 

Kevlar 49 120 34 x 23 

Comments 

Unmodified fabric 

33% removal of filling yarns 

50% removal of filling yarns 

Unmodified fabric 

25% removal of filling yarns 

33% removal of filling yarns 

The PWA fabric was modified by the manufacturer by dropping 1/3 
and 1/2 of the filling yarns during weaving.    The Kevlar 49 fabric was 
modified subsequent to manufacture by carefully removing, by hand, the 
required number of filling yarns.    The fabrics were impregnated with ADX- 
653 by solvent techniques with the final adhesive weight kept constant, 
reflecting the increased amount of resin needed to fill the larger inter- 
stitial volume.    Titanium-titanium double lap shear test panels were 
assembled with the warp oriented at 0° to the direction of stress application. 

5.1)    RESULTS 

Significant variations in bondline fiber volume were achieved by 
reducing the fabric fill fiber content in both the PWA graphite and 120 
Kevlar 49 systems.    The fiber volume of the PWA reinforced ADX-653 ranged 
from 31.8% to 23.9% while that of the Kevlar 49 ranged from 37.4 to 49% 
fiber (Table 8).    However, these variations were not obtained at constant 
BLT     Those of the PWA systems ranged from 0.0065" for the 48 x 29 con- 
structioS (3?% reaction in fill fiber content) to 0.0082" for the control 
48 x 44 construction.    The bondline thickness of the control and the 48 x 
22 construction were practically equivalent, varying only O-^4.1n^eJ- 
The Kevlar 49 reinforced ADX-653 systems ranged in bondline thickness from 
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Resin System 

EA 9628 
ADX-653 Q. 
ADX-646 (AF-A-3639)8) 

Temperature 
Capability 

250 0F 
420oF 
350oF 

Adhesive 
Quasielastic Stiffness (psi) 

2.85 
3.07 
5.08 

ADX-646 was chosen because of its extremely high modulus. All resin sys- 
tems received the same cure. 60 minutes at 350°F w* V^HaHeces- 
the ADX-646 which was given a total of 2 hours at 350 F. This was neces 
sary to fully develop its high temperature properties. 

6.1.3) Fatigue Screening 

Single load level fatigue screening tests were conducted at 
55% of each systems' ultimate shear strength.    This technique was chosen 
over a fixed stress level because of the great range of strengths seen. 
Titanium-Titamium double lap shear specimens (Figure?) were used. 

6.2)    RESULTS 

6.2.1)   Ultimate Shear Strengths 

A larae range in ultimate shear strengths was exhibited by the 
different Jetn/fabH? combinations (Table 9).    Thelevel of strength appears 
to be mainly a function of the type of fiber used with the type of resin 
being important in specific instances.    This is "»ost readib seen by 
examinina the ADX-653 systems.    The ultimate strength of the E-glass and 
^wrSiterTnforced bonds, to which the resin exhibits good adhesion, 
was 5480 and 5360 psi respectively.    The strength of the Kevlar 49 nU- 
forceS Sond was 434P0 psi and. as usually occurs with this system, a com- 
plete failure of resin adhesion to the fiber ^face was noticed.    The 
bond reinforced with the style 1099 graphite faied at «J^1 J™**? 
fracture propagating through the fabric itself, leaving graphite on both 
^faces/TSond containing the nylon tricot failed at 4960 psi. some- 
what lower than usual. 

In general, the strength relationships between fabrics using 
EA 9628 and ADX-646 were as Illustrated above.Theonly notable excep- 
tions were the EA 9628/Kevlar 49 and the W«^tf1c^to^. J!» KjfUr 
49 reinforced EA 9628 failed at 5700 psi compared to the 4300 psi ot ootn 
the Aix-653 and ADX-646.    This higher bondstrength ^P6^5^b1s uniaue 
result of a much higher level of fiber-resin adhesion.    EA^is unique 
among the resin systems examined throughout this contract in that the bond 
fa°l2re occurred in the resin and near the resin-metal interface.   The 
Kev ar flber-rlsin bond remained intact.    Very poor adhesion appears to be 
the cause of the low bond strength of the ADX-646/tricot system. 

The ultimate strength of the adhesives. with resPecJA
t° ^e 

different resins, increase in the following order.    ADX-653, EA 96Z8 
and ADX-646.    This is illustrated by the ultimate strengths of the style 
1675 E-glass reinforced bonds with the ADX-653 system failing at 5480 psi. 
the EA 9628 at 5980 psi and the ADX-646. at 6170 psi. 
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6.2.2) Fatigue Screening 

The effect of variations in adhesive resin and fiber on fatigue 
resistance was screened by a single load level fatigue test.    All systems 
were stressed to a maximum of 55% of each system's ultimate strength and 
cycled to failure. 

The ADX-653, resin system, when reinforced with the three fibers, 
gave fatigue lives ranging from a low of 15,700 cycles with the E-glass to 
a high of 87,000 cycles with the PWA graphite.    Previous testing of this 
ADX-653 PWA system has given approximately 100,000 cycles under similar 
conditions.    The Kevlar 49 system failed at 84,000 cycles.    The nylon tri- 
cot control failed at 3900 cycles. 

The EA 9628 system gave, respectively; 164,000 cycles with the 
nylon tricot, 79,000 cycles with the 1675 glass, 142,000 cycles with the 
Kevlar 49 and 92,900 cycles with the PWA graphite.    ADX-646 reinforced 
with 1675 glass failed at 35,300 cycles, style 120 Kevlar 49 at 490,000 
cycles and PWA graphite at 28,700 cycles.    The nylon tricot supported 
system failed at 10,500 cycles.    The only unexpected failure morphologies 
occurred with the ADX-646/PWA graphite and ADX-646/nylon tricot systems 
which showed a significantly lower degree of adhesion of resin to fabric 
than experienced with the other resin systems. 

The bonds reinforced with the style 1099 graphite (E=50 x 106 

psi) were not fatigue tested because of the low ultimate strength. 

6.3)    DISCUSSION 

The mechanism of fatigue life improvement by the incorporation 
of high modulus fiber into a 350oF service adhesive system appears to be 
that of the resin reinforcement.    This is strongly suggested by the fati- 
gue screening response of both the ADX-653 and ADX-646 resin systems to 
the modulus of the fibers incorporated (Figure 11).    A correlation of 
increasing fatigue durability with increasing fiber modulus is seen for 
both resin systems over a fiber modulus range of 0.4 x 106 psi (Nylon 6) 
to 19 x 106 psi (Kevlar 49).    This change in fiber modulus resulted in a 
30 to 40 x fatigue life increase (Table 9).    This trend of increasing 
fatigue resistance did not continue beyond the 19 x 106 psi modulus level 
for either system.    The PWA reinforced ADX-653 system produced fatigue 
resistance similar to the Kevlar 49 system.    The ADX-646/PWA combination 
exhibited significantly lower fatigue life than the Kevlar 49 system 
(29,000 vr_. 192,000 cycles to failure). 

Whether this abrupt shift in behavior is an artifact Is not 
known.    It might be expected that the correlation might continue to the 
level of resistance that graphite/epoxy composites exhibit.    That the 
behavior may be an artifact is suggested by the high amount of fiber-resin 
adhesion failure in the ADX-646/PWA graphite specimens. 

The fact that the type of resin system also Influences the fati- 
gue improvement phenomenon is made very evident by the response of EA 9628 
to large variations in fiber modulus.    In contrast to the ADX-653 and ADX- 
646 systems, this resin system exhibits essentially the same fatigue life 
over the fiber modulus range of 0.4 to 30 x 106 psi  (79,000 to 164,000 
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rvrles to failure). The actual differences in resistance could be explained 
bf ^11 var atio  in maximum applied stress (Figure 12 . In con rast the 
ADX-646 and ADX-653 systems exhibit higher fatigue resTstance at h gher 
stress levels, an indication that some variable other than stress level ^s 
controlling the response. 

EA 9628 is a 250oF service adhesive system designed for high 
toughness rather than thermal resistance. The difference in toughness of 
the sjftlms caSbe seen in the metal to metal peel strength of the systems. 
Wherlas ADX-646 and ADX-653 exhibit peel strengths of less than ^^-Ib/ 
in width, in their unreinforced forms. EA 9628 has a peel strength l" excess 
of*60 in- b/in. This difference in behavior between the two types of resin 
systemlsuggests that the phenomenon of fatigue life ^oyement by use of 
high Lulill fibers should be viewed as a "toughening" action  JJJJt^J 
distinct possibility that its usefulness may be limited to the less tougn. 
350oF service systems. 

6.4) CONCLUSIONS 

The results of this experiment suggest a very qualitative "equation 
of state" concerning the phenomenon of ^hesive fatigue life improvement y 
incorporation of high modulus fibers into ^«^esivebondln^ With resin 
svstems of higher stiffness, an increase of the fiber modulus results m 
increased fatigue resistance of the adhesive bond. The upper and lower bounds 
if thiroheSolenon have yet to be defined. The experimental data suggests 
?hat the behavi!? peaks near 19 x 10^ psi (Kevlar 49) although data from 

x Ä^ found using higher modulus fibers.    Perhaps a combination of P°°r™er resin 
adhesion and a mismatch of the weave of the fabric precluded obtaining these 
improved results. 

This phenomenon of fatigue improvement appears to be operative only 
with the m*f service resin systems.    Using EA 9628.a 250oF service system, 
?Iere was no observable effect on fatigue resistance due to an increase ir. 
fiber nodulus.   Where the breakoff point for f^igue improvement is and how 
io define it is completely unknown at this point. Jhe initial moduls of 

MS ^inrÄÄ fo/Ä:    IIP Se ^ÄsSlng 
differences are in total elongation or energy to failure. 

TLese results suggest the allowing mechanistic "rationale". 
The test specimen fails when the size of prexistmg or generated f aws 
reach "critical size above which the resin system can no longer sustain 

forcing the bondline. the stress required to reach the resin s critical 
strain is increased, resulting in improved fatigue resistance. 

The effect that the type of resin system i^^^f^^Är0" 
lies in the level of critical strain.    The high toughness of ^e EA 96^0 
system is demonstrated by its metal to metal peel strength, a test showing, 
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In qualitative manner, the crack resistance of the adhesive. 1*0$*%*®*** 
the critical strain level for this adhesive is greater than the ADX-653 and 
ADX-646  This difference is reflected in the high fatigue resistance of the 
EA 9628/Nylon knit system. Apparently, the amount of strain imparted on 
this essentially unreinforced system is still below the critical level of 
EA 9628  The upper and lower bounds of this phenomenon using EA 9628 are 
still undefined, although it is felt that the unreinforced (no fabric) 
system would have good fatigue resistance also. 

This rationale has been advanced on the basis of a single load 
level fatigue test. Before a great deal of credence is lent to it, it 
should be demonstrated using a full S/N fatigue curves. 

It does appear, however, that significant improvements in adhe- 
sive fatigue resistance via reinforcement with high modulus fibers is 
limited to the lower crack resistant, 350oF service adhesive systems. 

In addition, EA 9628 appears unique among the resins examined in 
this contract with respect to its high degree of adhesion to the KfYlajr 
fiber. In contrast to the other 250oF and 350oF service adhesives^, the 
bond of EA 9628 to the Kevlar 49 surface survives ultimate shear strength 
testing; the failure locus being transferred into the resin and the shear 
strength being increased by 35%. 
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7.0 PHASE II, Task 1 EVALUATION OF OPTIMIZED ADHESIVE 

7.1) BACKGROUND 

Phase I of this experimental work was structured to investigate 
and suggest optimum settings of several Potentially important "jatena 
variables such as fiber-resin adhesion, bond thickness, etc. ™e deci 
fomadeTn Phase I were based on the results of J^^"^^ wls'inclu- 
sinale bond level fatigue life determination. The present task was inciu 
Ä nsure thit any'optimized system did indeed Possess 0? cycle fati- 
gue strength at least equivalent to the successful ADX-653/PWA graphite 
adhesive of the first half of this contract'^. 

To demonstrate that the new adhesive system was indeed optimized, 
the stress at which it will survive W  fatigue cycles will be determined 
and compared to both the ADX-653/nylon knit and PWA graphite reinforced 

systems. 

7.2) SELECTION OF ADHESIVE SYSTEM 

Style PWA graphite fabric, surface treated with the Z-^ sj^' 
in combination with lhfVx-653 resin system was ^" ^/"^^^ t"' 
This fabric was selected over the Kevlar 49 system because of Jts "ns^s 
tont ahiiitv to achieve high fatigue resistance (ca. 100,000) cycles; at 
M^her fatigue stresses (2700 to 3000 psi). The Kevlar 49 systems have 

eliminated because of poor fatigue performance. 

ADX-653 was chosen as the resin system because of its practical 

service JÄTÄ The 5 96*8 «H'^5*^2^?^ 
^;er^.cot1^^ef5/rresrr^rSe;^o:, a upb^r;5st^has poo. 
performance in combination with the PWA graphite fabric. 

Although positive indications were given for the desirability of 
a higher cured bond fiber volume, such a fabric is not readily ^ai fie. 
It would have had to be designed and manufactured from scratch. This was 
beyond the scope of the contract. 

7.3) EXPERIMENTAL 

Titanium-graphite/epoxy double 1 
determine the full S/N curves (Figure 13). 
the following construction: Titanium 6-4 
McDonnell-Douglas specification PS 12037. 
plies [0o]4, Narmco 5208 T-300. The adhes 
cured at 350oF for one hour and 50 psi in 
were assembled with the warp direction of 
direction of test. 

The test specimen was almost exactly stiffness)balanced  In 
order to exactly stiffness balance the specimens. 0-0593 titanium 
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alloy (surface preparation per 
graphite/epoxy composite - 4 
ive and prepreg skin were co- 
an autoclave. All specimens 
the fabric oriented 0° to the 
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Mffilld have had to have been used in place of the 0.060 inch pieces actually 
used. An epoxy-glass composite (Hexcel F-161) gripping surface was bonded 
to the titanium in all fatigue specimens to insure that metal fatigue 
failure would not occur. 

7.4) RESULTS 

Similar 750F ultimate shear strengths were exhibited by both 
systems. The PWA graphite reinforced ADX-653 failed at 4950 psi while the 
nylon knit containing system failed at 5165 psi. The ADX-653/PWA speci- 
mens exhibited a mixed failure mode. A good deal of the bond failed in 
the resin (Figure 14) but a significant amount of adhesive type failure 
both from the titanium and graphite composite was also seen (Figure 14). 
The ADX-653/Nylon knit fracture morphology appeared to be mainly an adhe- 
sive failure from both the substrates. The surface of the adhesive itself 
appears to be little disturbed (Figure 15) while only small amounts of 
resin are seen on either the metal or composite surfaces (Figure 15). 

The stress level which will withstand 107 cycles of fatigue was 
determined on each system (Table 10. Figures 16 to 18). As this was a 
screening test to determine if the ADX-653/PWA systems were really optimum, 
testing was limited to a specimen population of three (3) per data point. 
The results, within a test set, varied considerably; up to an order of 
magnitude. The arithmetic mean of the data was used to describe the results. 
In those cases where the specimens were removed intact after 107 cycles, the 
number of cycles at which it was removed was used in the caluclation of the 
mean. This results in some bias towards lower fatigue results with the 
ADX-653/PWA system when tested at 50% and the ADX-653 Nylon system at 40% of 
ultimate. Smooth curves were then drawn using the arithmetic means to 
describe the fatigue behavior. 

The fatigue life (Table 10, Figure 16) of the ADX-653/PWA graphite 
bonded specimens varied from 710,000 cycles at 2970 psi maximum applied 
stress (60% of ultimate) to greater than 9,700,000 cycles at 2480 psi (50% 
of ultimate). The fatigue life of the ADX-653/Nylon knit control varied 
from 309,000 cycles at 2570 psi (50% of ultimate) (Figure 17) to greater than 
9,300,000 cycles at 2070 psi (40%). The fracture surfaces of the fatigue 
specimens were essentially the same as was described for the static ultimate 
testing. The ADX- 653/PWA system failed primarily in the resin with some 
adhesive failure from both substrates. The ADX-653/Nylon system fractured 
primarily at the resin-substrate interface. The type of fracture mechanism, 
for either system did not vary with the number of cycles at which the system 
failed. 

7.5) CONCLUSIONS 

The fatigue strength; i.e., that stress which will survive 107 

cycles, of the treated ADX-653/Style PWA graphite fabric system was determined 
to be 2550 psi (Figure 16) or 51.5% of the system's ultimate strength. This 
stress level is significantly greater than the 2050 psi (39.7% of ultimate) 
determined for the ADX-653/Nylon knit system. At equivalent stress, this 
difference amounts to a 20 fold increase in fatigue durability due to bond- 
line reinforcement. 

The fatigue strength of the Z-6040 epoxy si lane treated PWA system 
is 400 psi greater than that found for the ADX-653/PWA system (2150 psi) in 
the initial stages of this work1). However, because the ultimate shear 
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strength of this system was 600 psi greater than ^ untreated PWA{4950 ys. 
4320 psi) the percent of ultimate strength which will withstand 10' cycles 
increased by only 4% (from 47.5 to 51.5%). It thus appears that the major 
effect of the Z-6040 si lane treatment of the PWA fabric may have been an 
increase in ultimate strength rather than any increase in fatigue resistance. 

The fatigue resistance of the ADX-653/Nylon knit system was appre- 
ciably higher than that value determined in the initial portion of this workU 
(2050 vs. 1400 psi). This increase amounts to an increase of the percent of 
ultimati strength which will withstand 107 cycles from 29.0 to 39.7%. It 
thus appears that the initial determination of this value was significantly 
low. 
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8.0   PHASE II, TASK 2    DETERMINATION OF FATIGUE IMPROVEMENT USING COMPLEX 
ADHEREND GEOMETRY 

8.1)    BACKGROUND 

Although the double lap shear specimen being used in this pro- 
gram is balanced and utilizes realistic adherend thicknesses, it is not 
rigorously representative of the types of joints currently used to link 
titanium and high modulus composites on advanced aircraft.   The load 
which an overlap joint can carry does not continue to increase forever 
as lap length increases.    An effective load free zone develops after a 
certain point, and load carrying capacity remains constant regardless of 
the increase in lap length.    Load can be increased only by using a wider 
bond. 

The reason for this phenomena is that the metal adherend elon- 
gation at the edge of the bond where the greatest load transfer takes 
place eventually causes failure at the metal-composite interface (Figure 
19).    The theoretical method of avoiding this problem is to use a tapered 
metal adherend and composite layup as shown in Figure 19.   The composite 
thickness increases as the level of load transferred increases, while 
the metal thickness decreases as the load carried by the metal decreases. 
This permits essentially constant elongation in the metal, and the most 
efficient load transfer.    However, the precision tapering of titanium and 
the tapering of composites during layup have significant cost disadvantages 
in production application. 

A third joint design, multiple step splice plates, allows load 
transfer which is comparable to tapered joints in many cases yet has signi- 
ficant cost advantages over tapered joints.    The number and configuration 
of the steps used is adjusted to the load to be transferred. 

A six step splice plate was used in this program in order to 
determine the increase in fatigue resistance caused by reinforcement of 
ADX-653 with the si lane treated PWA graphite fabric.    Full S/N fatigue 
curves were developed, using a constant amplitude test, comparing the high 
performance system with the ADX-S53/knitted nylon combination. 

8.2)    SPECIMEN DESIGN 

Rigerous design criteria for the stepped splice plate require 
that the stress-strain properties (as determined by torsion tests) for 
the individual adhesive be used.    The geometry of the specimen is modi- 
fied subtly to allow for these properties.    In the absence of stress- 
strain data for the adhesive systems under study, design of an optimized 
specimen for these systems was not possible.    A joint design optimized 
for a current 350oF service adhesive in use on advanced aircraft was 
selected (Figure 20).    This specimen was optimized for strength and had 
been utilized extensivley in spectrum fatigue tests simulating advanced 
fighter service.    It is the optimum for the adhesive and adherends for 
which it was designed. 
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8.3)    EXPERIMENTAL 

The six step lap joint specimens were assembled using ADX-653 
containing either the knitted nylon, state of the art fabric, or the 
Z-6040 si lane treated PWA graphite.    The adherends were made up from 
titanium (6A1/4V alloy) and Narmco 5208-T300 graphite epoxy prepreg.    During 
the layup of the composite, debulking occurred 4 times.    The specimens 
were vacuum bagged and autoclave cured for 120 minutes at 350oF and 85 psi. 
A 30 minute hold at 270oF under slight vacuum was included during the 
heatup to densify the composite.    A post cure of 8 hours at 350oF com- 
pleted the cure schedule.    The cured test panel was then machined into 
1 inch wide test specimens using a combination of machine cutting (on the 
titaniumi and diamond saw (for the composite) techniques. 

The cured test panels were subjected to the ultrasonic and X- 
radiographic non-destructive inspection techniques used by McDonnell  in 
their production of aircraft.    Only a few composite voids and no debonds 
were detected by this inspection. 

8.4)    RESULTS 

The step lap joints of both the ADX-653/PWA and nylon combina- 
tions were loaded to failure. The ultimate failure load of the ADX-653 
reinforced with the silane treated PWA graphite was 15,960 pounds, while 
the ADX-653/nylon system failed at 16,000 pounds (Table 11). 

When both systems were subjected to constant amplitude fatigue 
at 50% of their ultimate strength, the ADX-653/nylon system failed at 
60,000 cycles and the PWA reinforced counterpart at 178,000 cycles. All 
three nylon supported test specimens failed in the bond while only two of 
the three PWA reinforced specimens failed in the bond (at 205,000 and 
140,000 cycles). The third specimen exhibited a metal failure (at 
196,000 cycles). 

When the loading of the ADX-653/nylon system was decreased to 
40% of ultimate (6400 pounds) all failures occurred by metal fracture (at 
562,000 and 499,000 cycles). Likewise, one specimen bonded with the PWA 
reinforced adhesive tested at 45% of ultimate (7180 pounds) failed by 
metal fracture at 372,000 cycles. 

The specimens which failed in the metal were subjected to a 
detailed failure analysis. The laboratory report concluded that the 
failure did not occur because of a surface or edge defect in the specimen 
but rather a simple fatigue failure of the metal. Electron micrographs 
of the fracture surface did have indications of fatigue failure. 

Stress analysis of the specimen indicates that the highest 
stresses are at the first step (nearest the center of the specimen). So, 
if the metal is fatigue critical, it should fail at this point. Several 
specimens failed at -iteps more removed (i.e., higher) from the center. 
Unfortunately, those specimens which failed on higher steps were damaged 
by the fatigue machine before it could stop. Analysis of these specimens 
would be fruitless. 

Possible causes of failures on higher steps could include: 
1) edge or radius defects, 2) large disbonds on the lower steps which 
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dump the load onto higher steps and. 3) laminate defects which concentrate 
loads on higher steps. N.D.T. and post failure analysis did not ind c^e 
that any of these causes rfere present on the group of specimens failing on 
higher steps. It is not possible, then, to positively assign a part-cular 
cause for these non-standard failure modes. 

8.5) CONCLUSIONS 

Fatigue life improvement by bondline reinforcement was not shown 
by constant amplitude fatigue testing of the step lap splice Pjate specimens. 
At high loads (50% of ultimate), the specimen was adhesive critical, failures 
occurring in the bond. However, at slightly lower loading (40% to «%) the 
metal proved to be fatigue critical. This limited the amount ej «^^^ 
data available. These were the first constant amplitude tests to be run with 
this specimen design. The point at which a specimen becomes fatigue critical 
in the metal can not be projected without a precise knowledge of the stress- 
strain (torsion ring) and S/N properties of all joint elements. This stress- 
strain data for the two adhesives was not avilable for this eftort. 

Thus in order to obtain comparative constant amplitude fatigue 
properties of the two systems, the stress-strain properties would have to be 
determined and the step lap joint specimen designed to account for the 
magnitude of these properties, especially the point of transition ™i 
elastic to plastic deformation. This effort is beyond the scope and timing 
of the contract. Because of this, it was decided to compare the nylon and 
PWA reinforced ADX-653 in spectrum fatigue using the step lap joint specimens, 
This program used a spectrum fatigue program used in the development ot an 
advanced fighter aircraft. 

Even though the complete comparative S/N constant amplitude 
fatigue properties of ADX-653 reinforced with both a nylon knit and PWA 
graphite fabric was not developed with the step lap Joint specimen, a three- 
fold increase in fatigue life due to the PWA was indicated at 50% of the 
systems ultimate strength (8000 pounds). 
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9.0    PHASE II. TASK 2A 

-, 

DFTERMINATION OF FATIGUE IMPROVEMENT USING RANDOM 
SPECTRÜff FATIGUE TESTING 

9.1)    BACKGROUND 

As utilization of advanced technology materials, such as high 
modulus fiber composites, in high performance aircraft has progressed 
towards primary, safety of flight structure, knowledge concerning the 
durability of these materials has become of prime importance.    Constant 
load amplitude fatigue testing, even though useful in distinguiihing 
between materials of differing fatigue resistances, gives  little infor- 
mation concerning the expected response of such structures under flight 
conditions.    This is true even when assemblise such as the step lap splice 
plate are used for testing. 

A new test methodology; random spectrum fatigue, has been 
developed by the Air Force and the airframe industry to provide the dura- 
bility information required by these advanced aircraft.    McDonnell 
Aircraft Company has developed such a program for the F-15 air superiority 
fighter.    This test scheme was developed by combining: 

A) An aircraft lifetime mission profile which included data 
on the type of mission, number of missions, vehicle configu- 
ration and expected vehicle performance envelop. 

B) Cumulative load exceedence curves for the structure of 
interest.    These load exceedence curves were approximated 
with random load level application data on a flight by 
flight basis.    The random load wave shapes were determined 
from actual aircraft maneuver time histories recorded 
during combat training. 

The detailed technical approach for matching the cumulative load exceed- 
ence curves and aircraft maneuver wave shapes using random noise theory 
described in Reference 9. 

The multiple step splice plate test specimen was used in success- 
fully extablishing the spectrum fatigue performance of composite to tita- 
nium bonded structure on the F-15.   As such, it should not be subject to 
the metal fatigue problems which arose during the constant amplitude 
testing of the ADX-653/PWA adhesive as described in Section 8.    In addition, 
use of the spectrum fatigue program will allow the evaluation of any fati- 
gue improvements due to bondline reinforcement with high modulus fibers to 
be made under more realistic test conditions. 

9.2) EXPERIMENTAL 

9.2.1) Test Specimens 

Details of the assembly and cure of the six step splice plate 
test specimens (Figure 20) are found in Section 8.3. 
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9.2.2) Random Spectrum Fatigue Testing 

The spectrum fatigue test procedure is characterized by a load 
level, called the test limit load (TLL). Applied loads during the pro- 
gram are usually at this level or lower. However higher loads (up to 
105% of TLL) are randomly applied. This loading pattern was impressed 
onto the step lap splice plate test specimen using a 150,000 pound 
fatigue machine equipped with hydraulic load cylinders which were controlled 
by a load feedback servo system. This system was in turn programmed 
by a magnetic tape function generator. Details of this procedure can be 
found in Reference 9.  In addition, a manually applied maximum load 
(125% TLL), hereafter called the load spike, was applied during some spec- 
trum testing every 2000 equivalent flight hours. The loading pattern is 
random over a two lifetime (8000 equivalent flight hours) period as dic- 
tated by the magnetic tape function generator. If additional testing is 
desired, the tape is rerun. 

The tests were conducted with a test population of 3 specimens 
under ambient conditions in late spring in St. Louis, Missouri. 

9.3 RESULTS 

The ADX-653 reinforced with both the nylon tricot and the style 
PWA graphite fabric were initially tested with a test limit load of 13,500 
pounds with no maximum load spikes (Table 12).    This test limit load was 
84.4% of the two systems ultimate strength.    The nylon knit/ADX-653 com- 
bination failed at a mean lifetime of 1271 equivalent flight hours or 
0.32 lifetimes.    The highest loading stresses in the splice plate specimen 
have been analyzed to occur at the first step (i.e., closest to the center 
line of the specimen) and bond failure at this point occurred at the metal- 
adhesive interface.    As failure progressed to high steps, the failure 
location migrated to the adhesive/composite interface.   On the highest 
steps, a considerable amount of fiber pull  out from the composite was seen. 

The ADX-653/PWA combination, when tested at the 13,500 pound TLL 
failed at a mean of 6536 equivalent flight hours on 1.63 lifetimes.    The 
failure morphology in this instance, was the same as that of the ADX-653/ 
Nylon specimens except that the failure on the first step was a mixture 
of fracture at both the adhesive/composite and adhesive metal interfaces. 

All test specimens from both sets failed at less than test limit 
load, with values ranging from a low of 81.9% to a high of 99.3% of test 
limit load (Table 12). 

Both adhesive systems were also tested at a test limit load of 
12,000 pounds with a 125% TLL load spike applied every 2000 equivalent 
flight hours (Table 12).    This test Mmit load is 95% of the systems 
ultimate strength. 

The nylon knit supported ADX-653 failed at a mean of 2507 equi- 
valent flight hours or 0.63 lifetimes.    Only one specimen survived the 125% 
TLL load spike, subsequently failing at 3522 hours (80.0% of test limit 
load .    The other two specimens both failed at 2000 hours during the 
application of the load'spike (at 103.5 and 104.1% TLL, respectively). 
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Bond failure morphology was similar to that noticed In the 13,500 pound 
TLL testing.    At the highest stress points, the bond failed at the metal/ 
adhesive interface.   At progressively higher steps, fracture migrated to 
the composite/adhesive Interface with some composite fracture (fiber pull- 
out) occurring at the highest steps. 

The ADX-653 reinforced with style PWA graphite failed at a mean of 
12,095 equivalent flight hours (3.02 lifetimes) when tested with a test limit 
load of 12,000 pounds (with load spikes).    All specimens successfully sur- 
vived at least three of the 125% TLL spikes with no failure occurring during 
their application.    Two specimens failed at 12,651 and 7,624 hours at 91.3 
and 97.5% TLL respectively.    The third specimen survived 4 lifetimes (16,000 
hours) without failure and yielded a residual ultimate strength of 13.800 
pounds of 86.5% of its initial strength.    Bond failure morphology was similar 
to the earlier 13,500 pound test limit load testing with a mixture of adhe- 
sive/composite and adhesive/metal interfacial failure.    This changed to 
exclusively adhesive/composite interfacial failure at higher steps and finally 
to a mixture of this and composite fiber pullout at the highest steps. 

9.4) CONCLUSIONS 

Reinforcement of the ADX-653 bondline with PWA, a graphite fabric, 
has resulted in the Improvement of fatigue life, as measured in a random spec- 
trum fatigue test, by a factor of five times as compared to a state of the art 
knitted nylon support fabric.   Thus, then tested at a test limit load of 13,500 
pounds without high load spikes, fatigue resistance Increased from 0.32 to 1.63 
lifetimes.    When tested with a 12,000 pound TLL with a 15,000 pound load spike, 
the presence of the PWA resulted in an increase in resistance from 0.63 to 3.02 
lifetimes. 

Another positive benefit of the graphite reinforcement is a much 
higher resistance to high stress loadings.    Whereas the nylon knit supported 
system survived only one of the 125% TLL loadings out of a total of three 
specimens, all the PWA specimens survived at least 3 loadings with one sur- 
viving a total of 8.    In a majority of cases, the 125% loading cycle failed 
the nylon supported systems while none of the PWA systems failed at this time. 

Therefore, reinforcement of an adhesive bondline could give signi- 
ficantly longer fatigue lifetimes and a greater resistance to the random speci- 
fication exceedance loadings experienced during flight. 

9.5) INTERPRETATION AND RECOMMENDATIONS 

Use of the spectrum fatigue test has permitted an insight into the 
usefulness of the ADX-653/PWA combination as a practical adhesive system.    The 
adhesive presently used on the F-15 has also been tested with the 13,500 pound 
test limit load (no load spikes).    A comparison of the two systems is as follows 

Adhesive 
System 

ADX-653/Nylon 
ADX-653/PWA 
F-15 Adhesive 

Ultimate 
Strength (Lb) 

16,000 
15,960 
20,000 

Test Limit 
Load (% Ult) 

84.4 
84.6 
67.5 

Fatigue 
Life Time 

0.32 
1.63 
2.52 
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This data indicates that the ADX-553/PWA system, although being a five 
I lesImprovement in fatigue resistance over its base ine adhes ve sy     m, 
HOPS not have the fatigue resistance of the F-15 adhesive,    part or B>I» 
d?ffe?ence may bl due to the fact that the test specimen was des^ned with 
t I mateHal considerations of the F-15 system   n "^   ««ffgl ^ 
rontrollina factor in this difference is probably that the 13.500 pouna 
test ? mit9load represents 84.6% of the ADX-653/PWA ultimate strength and 
on y 67 5% of that of the F-15 system.    Some comparison can N^M *«* 
under more equivalent conditions by comparing the P^nK^l? 500 DS 
PWA svstem in the 12.000 pound test limit load test with the 13.500 pound 
test of the F-15 system.    In this case the ADX-653/PWA system was Jested 
f 7^ J ftc nitimatP strenath   the F-15 system at 67.5%.    While the latter 
lUZ tuT^lnlTJ^Tz.ifuHtin.l the ADX-653 specimens yie^ed 

a 3.02 lifetime result. 

Therefore, it appears that the difference in spectrum fatigue 
results seen EetSeen th'e SSx^/PWA and the F-15 adhesive systems ^ de 
not to the inefficiency of the f ber reinforcement ^«pt bwt rt^r tfi 
thP larap difference in system ultimate strength.    For F-15 appncaoi niy, 
all Idhl^ve system! m!st perform at the 13.500 pound test 1^^ load as 
this factir reflects a 35% safety factor on the 10.000 pound design limit 
load calculated for this portion of the F-15 structure. 

Successful  implementation of the phenomenon of t^g^Jife improve- 
ment bv bondline reinforcement is not possible at this point.. To doso would 
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fiber fabric. 
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The PWA graphite reinforced ADX-653 adhesive, however, appears 
to be somewhat inferior to the adhesive system used on the F-15 aircraft, 
when compared on the basis of these specific spectrum fatigue test 
conditions.    Using the 13,500 test limit load program, the ADX-653/PWA 
system failed at 1.63 lifetimes while the F-15 system failed at 2.52. 
Two reasons for this difference have been suggested. 

First, the test specimen was designed for the F-15 adhesive 
system with experimentally determined stress-strain properties being 
considered.    This specimen design was used for the ADX-653/PWA testing 
without modification.    The impact of this non-ideal specimen design on 
the test results is unknown and cannot be determined without actual testing, 
a task beyond the scope of the present work. 

Secondly, the testing was done at significantly higher percent 
of ultimate loadings on the ADX-653/PWA system.    The 13,500 test limit 
load represents 84.5% of this system's ultimate strength but only 67.5% 
of that of the F-15 system.    Using a 12,000 pound test limit load with the 
ADX-653 system (75% of ultimate) resulted in 3.02 expected lifetimes, 
superior to the F-15 system (tested at 13,500 pounds). 

The resin systems of both adhesives appear to have similar fati- 
gue resistances.    The F-15 adhesive uses a synthetic support fabric and 
contains a metallic filler.    When ADX-653 is manufactured with these com- 
ponents present, equivalent ultimate strengths result (6520 for the ADX- 
653 vs^  6480 for the F-15 system).    Using a titanium-titanium double lap 
shear test specimen, both systems produce equivalent fatigue resistance when 
tested at 55% of ultimate (770 cycles for the ADX-653 and 500 cycles for the 
F-15 system).    These results are approximately 5 times less than what was 
produced by the ADX-653/nylon knit system (4900 cycles) without the metallic 
filler, but are only a reflection of the higher ultimate strengths produced 
by the filler.    Plotting the logarithm of the fatigue resistance against 
the maximum applied fatigue stress yields a smooth curve running through 
these three points (Figure 22).    The differences, therefore, appear to be 
due to the varying levels of maximum applied fatigue stress. 

This curve lies approximately 1.5 orders of magnitude below a 
similar curve describing the results of ADX-653 reinforced with different 
high modulus fibers.    From this, it appears that the superior spectrum 
fatigue performance of the F-15 system is only a reflection of the signi- 
ficantly higher ultimate strength of the system and is not a reflection 
on the usefulness of the principal of high modulus fiber reinforcement of 
ahdesives. 

To more fully define the usefulness of the ADX-653/PWA graphite 
system at its present stage of development for an application such as the 
F-15, a spectrum fatigue specimen specifically designed for this systems 
stress-strain properties should be used.    A side by side comparison with 
the presently used F-15 adhesive would then be more meaningful. 

In general, addition of metallic fillers significantly increases 
the ultimate strength of 350oF service adhesive resin systems.    The present 
F-15 adhesive depends largely on this approach to attain its high ultimate 
strength.    Addition of such fillers may not be compatible with high levels 
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of high modulus fibers.   Therefore, additional effort may have to be spent 
in developing new methods of increasing the base resin system ultimate 
strength, i.e., toughening, without reducing the glass transition tem- 
perature of the system.    In addition, new high modulus fiber fabrics may 
have to be designed and manufactured to investigate the effect of weave 
type, fiber volume, and fabric thickness on ultimate strength and fatigue 
resistance.    Upon successful completion of this task, the effectiveness 
of this system would be guaged by a spectrum fatigue comparison with the 
state-of-the-art adhesive system. 
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APPENDIX 

A'1)    FATIGUE LIFE VARIABILITY WITH TYPE AS GRAPHITE NON-WOVEN MAT 

In earlier work on this contract1), bondline reinforcement with 
a   ^p?,?: 9raPhlte non-woven resulted in significant fatigue life improve- 
^"Lln45,000 cycles at 2265 Psi maximum applied fatigue stress compared 
to 4900 cycles at 2905 psi shown by the nylon knit control).    This improve- 
ment coupled to the ready variation of such important bondline parameter 
such as thickness and fiber volume made possible by use of the mat, led to 
Invcco/x1™65^9^10" of this reinforcement.    Subsequent testing of the 
ADX-653/Type AS non-woven mat did not result in such high fatigue resis- 
AÜÜ!?!. Ib?rs wi^h Retimes as low as 9000 cycles (2375 psi)(Table 13). 
Additional testing (Table 13) revealed that this variability was due to 
lot by lot variations in the adhesive and not to variation of the test 
specimen type.    Because the use of the non-woven mat was important to the 
contract combination, further experimentation was undertaken aimed at 
determining the causes of fatigue life variation. 

A. 1.1)    POSSIBLE CONTROLLING PARAMETERS 

^^„•M- Four Parameters were selected for further examination as possibly 
controlling and increasing fatigue resistance.    These were: 

1) The weight of the fibrous mat in the bondline - tested by 
increasing the amount of reinforcing material in the bond 
line. 

2) Increase the weight of adhesive resin to produce a bond with 
fewer flaws and voids. 

3) Fiber Finish - to improve the adhesion of resin to fiber by 
application of: J 

a) ADX-653 containing curing agents. 
b) ADX-653 resin system only. 
c) Z-6020, an amino silane to the fiber from 

dilute solution. 
4) Addition of metallic filler to the adhesive system. 

A.1.2)    RESULTS 

A. 1.2.1)    Variable Mat Weight 

Titanium to titanium double lap shear specimens (Figure?) were 
manufactured using uncured adhesive systens containing 16.7, 23.1 and 26.8% 
(w/w) graphite fiber and fatigue tested at 55% of their ultimate shear 
/SS9 Jom   Df rfnn6 ^ ultimate shear strength with increasing mat weight 
(5400, 4910 and 4390 psi respectively) was obtained (systems A, B. C, Table 
14).    The variation in fatigue resistance (3100, 3600, 9800 cycles to failure 
respective y) can be accounted for by the variation in fatigue stress alone 
Irigure 21). 
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A.l.2.2)    Variable Adhesive Resin Weight 

An increase in the resin weight fraction of the uncured tape 
resulted in increased fatigue resistance (Table 14).    A plot of the fatigue 
life with JheSSm applied fatigue stress (Figure 21) shows ^o groups 
iJ dat     one fS each of the two unsupported adhesive ^sl%"^f tswft^n 
(0 030 and 0.060 lb/ft2)    to manufacture the final adhesive films.    W thin 
each gro!p. the variation of fatigue performance appears to be due only to 
Se variat on in maximum applied fatigue stress.    This phenomenom may be 
due to the ability of the more resin rich systems to eliminate bondlme 
flaws. 

A.1.2.3)    Application of Resin Washes 

Three resin washes, ADX-653, ADX-653 Resin System and Z-6020, an 
amino silane. were applied to the graphite mat fron) dilute solution in ace- 
tone in an attempt to improve the level of adhesion of the resin to the 
fiber     All attempts (Table 14. E through J) proved unsuccessful with the 
Implements of fktigue resistance over the control more easily accounted 
for by variations in the maximum applied fatigue stress (Figure ^i). 

A.l.2.4)    Addition of Metallic Filler 

In many instances, the addition of a metallic filler toa high 
temperature adhesive system results in the ^C^JWJn «» «£tw s ulti- 
mate strength properties.    Such a filler was added to the type AS mat 
reinforced ADX-653 in an attempt to improve fatigue resistance.    50 and 
loSphrSere used and an increase of ultimate shear strength ^om 5000 
to 5600 psi resulted in both cases (Table 14. Systems D.  K. and L).    This 
latter value is very close to that of the nylon supported control. 5800 
psi.    However, the level of fatigue resistance remained ^chmeji.the 
variation of results being accountable by differences in applied fatigue 
stress (Figure 21). 

A.1.3)    CONCLUSIONS 

The poor fatigue resistance (50.000 cycles to failure) of the 
type AS graphite mat reinforced ADX-653 appears to be characteristic of 
the system.    The reasons for the initial excellent fatigue resistance were 
not discovered.    An increase in the weight fraction of the adhesive resin 
in the uncured film was the only parameter which positively controlled 
fatigue resistance, perhaps indicating a minimum level of resin necessary 
for flow and flaw elimination.    However, the level of improvement was small, 
increasing fatigue resistance to only about 10% of the original results 
(50 000 vs. 450,000 cycles).    Improvement in fatigue resistance of the 
ADX-653/Type AS random mat systems appears to require a much more extensive 
research effort than available.    Consequently emphasis was changed from the 
random mat type of reinforcement to the woven forms of the high modulus films. 

A.2)    MANUFACTURE OF ADX-653 REINFORCED WITH HIGH MODULUS FIBER FABRICS 

A.2.1)    CALCULATIONS OF FINISHED ADHESIVE FILM WEIGHT 

The final film weight was calculated with Ü^riteria that there 
would be only enough resin present to:    1) completely fill the interstitial 
space of the fabric and 2) an excess on the surface to insure sufficient 
flow during the cure cycle for good bond formation. 

-38- 

 --■ -  - ■ 
-. —.—. —^■ iMillinna-i'Ufi  Vlfc-Ht    i    M »>    l^fi ■«--    .»"I-—»».--■.-  . -j» auiaiJL d^oal. 



W '■■ l"1 ■■"" twrntrnwi muMwm v«>»nm^w»>mvi.i.itni i. \tin..mt uuim ■■I.»II J n L w!\twiv»wm**mr*mmimm<mimmm 

^ 

\ 

1 

A.2.2) MANUFACTURE OF ADHESIVE RESIN/FIBER COMBINATION 

The completed adhesive films were manufactured via a solvent 
impregnation technique using a 70% solid solution of the resin in acetone 
as the impregnant. The wet adhesive films were dried for 30 minutes at 
200oF. Subsequent quality control testing involved adhesive fiber volume 
and volatile determination as well as single overlap shear strength at 
both 75° and 350oF. 

A.3) FATIGUE TEST METHOD 

The double lap shear test specimens are fatigue tested using 
Sonntag universal fatigue testing machines. The specimens are cycled 
between a preselected stress level (pMax) and 0.1 fylax (pMin). The test 
machine automatically maintains both a constant dynamic and static ("Max 
and PMin constant) load cycle at a cycle rate of 30 Hz. The arithmetic 
mean of the test results was used for data interpretation. The small 
test population (3) has, in the past, precluded use of statistical analytical 
techniques. 

A.4) SHORT BEAM INTERLAMINAR SHEAR TEST METHOD 

0.8 inch (nom) thick cured composites were manufactured from 
the ADX-653 impregnated fabrics (PWA/10 plies, Style 120 Kevlar 49/20 
plies) using a parallel, nested layup. These composites were press cured 
at 350oF and 50 psi for 60 minutes. Interlaminar shear test specimens 
(0.60 inch x the 0.25 inch) were machined from the composites with the warp 
direction being the 0.60 inch direction. 

Testing was performed using an Instron universal testing machine, 
a three point loading pattern and a 0.40 inch span. Specimens were loaded 
to failure at a crosshead speed of 0.05 inch/minute. The interlaminar 
shear stress at failure was calculated using the following: 

YI = 
3P 

where 
P « 
A • 
b • 
t ■ 

interlaminar shear stress (psi) 
total load at failure (pounds) 
cross-sectional area (square inches) 
specimen width (inches) 
specimen thickness (inches) 

A.5) DESCRIPTION OF MATERIALS 

A.5.1) RESIN SYSTEMS 

ADX-653 

ADX-646 

EA-9628 

A 350oF service adhesive system - Hysol  Division, The Dexter 
Corporation 
A 420oF service adhesive system - Hysol  Division, The Dexter 
Corporation 
A 250oF service, high peel adhesive system - Hysol Division, 
The Dexter Corporation 
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1 
A. 5.2)    FABRICS 

i 

Style 120 Kevlar 49: 

Style 220 Kevlar 49: 

Style 281 Kevlar 49: 

Style 338 Kevlar 49: 

Style 1065 Graphite: 

Style 1509 Graphite: 

Style 1522 Graphite: 

Style 1675 E-Glass: 

Style PWA Graphite: 

A plain weave (34 x 34) fabric weighing 1.8 oz/yd2 

and having a nominal thickness of 0.0045 inches - 
DuPont. 
A plain weave (22 x 22) fabric weighing 2.2 oz/yd2 

and having a nominal thickness of 0.0047 inches - 
DuPont. 
A plain weave (17 x 17) fabric weighing 5.0 oz/yd2 

and being 0.010 inches thick - DuPont. 
A plain weave (17 x 17) fabric weighing 6.8 oz/yd2 

and being 0.013 inches thick - DuPont. 
A plain weave fabric weighing 6.75 oz/yd2 and being 
0.013" thick.    The warp yarns are T-300 (E=30xl06 psi) 
graphite and the filling yarns are polyester - 
Prodesco. 
A plain weave (40 x 16 fabric weighing 10.25 oz/yd2 

and being 0.015 inches thick.    The warp yarns are 
T-300 and the fill are nylon - Prodesco. 
A plain weave (42 x 6) fabric produced of T-300 
graphite.    It weighs 10.25 oz/yd2 and is 0.017 inches 
thick - Prodesco. 
A plain weave (40 x 32) fabric weighing 3.C oz/yd2 

and being 0.0043" thick - Clark Schwebel. 
A plain weave (48 x 44) fabric consisting of E=30 x 
psi graphite fibers in a staple form.    The fibers 
are graphitized in the woven form by a special process 
The fabric weighs 3.25 oz/yd2 and is 0.013" thick - 
Stackpole. 

: 
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A. 5.3)    ADHEREND MATERIALS 

Titanium - 6 A1/4V Alloy 
Graphite/Epoxy Composite produced from 5208-T300, 3500F 

service prepreg - Narmco Materials 
Company. 

A.5.4)    RESINOUS WASHES 

PAHJ:    Union Carbide 
ADX-653:    Hysol Division, The Dexter Corporation 
KSLA:    Shell Chemical Company 
Estane 5703:    B. F. Goodrich Company 
Z-6020:    Dow Corning Corporation 
Z-6040:    Dow Corning Corporation 
Ram-225:    Ram Chemicals Company 

:   j 
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A)    Fabric Surface 

.:,. 'i :<i 

^^•4 
^ V 

B)    Resin Surface 

Figure 1 Failure surface of ADX-653/Style "120 
Kevlar 49 Fatigue Test Specimens 
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A)    Interlaniinar Failure 

B)    Transverse Failure 

Figure 2.    Failure Modes of Style 120 Kevlar 49 Reinforced ADX-653 

PAIIJ Surface Treatment 
Interlaminar Shear Test - Dry Condition 
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A)    Surface Failure 

B)    Transverse failure 

Figure 3.    Failure Modes of Style 120 Kevlar 49 Reinforced ADX-653 

PAHJ Surface Treatment 
Interlaminar Shear Test - Wet (24 hours/100oC/H20) Condition 
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A)    Interlaminar 
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B)    Transverse 

Figure 4.    Failure Modes of Style 12Ü Kevlar 49 Reinforced ADX-653 

Z-6040 Surface Treatment 
Interlaminar Shear Test - Wet (24 hours/100oC/H20) Condition 
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1 
A)    Dry 

B)    Wet (24 hours/1000C/H20) 

Figure 5.    Failure Modes of Style PWA graphite reinforced ADX-653 

Z-6040 Surface Treatment 
Interlaminar Shear Test - Dry and Wet Conditions 
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A)    Dry 

Figure 6. 

B)    Wet (24 hours/100oC/H20) 

Failure Modes of Style PWA Graphite Reinforced ADX-653 

PAHJ Surface Treatment 
Interlaminar Shear Test 
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A)    Graphite/Epoxy Composite Surface 

B)    Titanium Surface 

Figure 14.    Failure Surfaces of Titanium-Graphite/Epoxy Double Lap 
Shear Specimens Bonded with ALiX-653/Style PWA Graphite 
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Figure 14 - Continued 

C) Adhesive Surface 
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A)    Graphite/Epoxy Composite Surface 

B)    Titanium Surface 

i 

Figure 15.    Failure Surfaces of Titanium-Graphite/Epoxy Double 
Lap Shear Specimens Bonded with ADX-653/Nylon Knit 
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Figure 15 - Continued 

C)    Adhesive Surface 
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b) 

c) 
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TITANIUM D       T^—" COMPOSITE 
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FIGURE 19.    DEPENDENCE OF STRESS Cf^PIBUTION PATTERN ON BOND GEOMETRY 
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Figure 21.   Variation of Fatigue Life with Applied Fatigue Stress 
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TABLE 1.    RESIN WASH PICKUP OF KEVLAR 49 AND PWA GRAPHITE FABRICS 

% Weight Pickup 

Finish 

PAHJ 

ADX-653 

KSLA 

Estane 5703 

Aerotex M-3 

Z-6020 

1-6040 

Ram 225 

Style 120 
Kevlar 49 

1.11 

1.30 

0.87 

0.93 

0.61 

<0.01 

<0.01 

<0.01 

PWA 
Graphite 

1.93 

<0.01 

2.16 

1.97 

5.26 

<0.01 

<0.01 

0.1 
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TABLE 4.    EFFECT OF RESIN WASHES ON THE FATIGUE RESISTANCE OF 
PWA GRAPHITE AND 120/KEVLAR 49 REINFORCED ADX-653 

Maximum Applied Fatigue Stress - 2600 psi 

■ 

Reinforcement 

PWA 

Kevlar 49 

Ultimate 
Shear 

Resin Wash 
Strength 

(750F. lb/in2) 
Fatigue Life 

(cycles) 

PAHJ 4680 114,000 

ADX-653 4690 129,000 

Z-6040 4750 200,000 

Estane 5703 

None2) 

4810 

5270 

205,000 

128,000!) 

None2) 4720 105,000 

PAHJ 4320 21,000 

ADX-653 4140 47,000 

Z-6040 4270 33,000 

RAM 225 

None2) 

4070 

4285 

13,000 

976,0003) 

4) 

1) Determined at 2635 psi fatigue stress 
2) Determined in first part of contract with different batches of 

adhesive 
3) Determined at a maximum applied fatigue stress of 2140 psi 
4) Determined using a titanium to titanium double lap shear speci- 

men (Figure 7) 
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TABLE 5.    EFFECT OF RESIN WASHES ON THE 350oF SHEAR STRENGTH OF 
PWA GRAPHITE AND 120/KEVLAR 49 REINFORCED ADX-653 

M 

Reinforcement 

Kevlar 49 

Finish     Blister Shear Strength1^ (psi) 

(? 750F 1 350°F 

PAHJ 2260 2170 

ADX-653 2430 2280 

Z-6040 2430 2100 

Estane 5703 2520 2350 

PAHJ 2160 1510 

ADX-653 2220 1970 

Z-6040 2270 2170 

RAM 225 2250 2180 

1) Determined using 2024-T3 Bare aluminum blister detection specimens 
(0.5 inch overlap). All adhesives cured for 60 minutes at 350oF 
and 50 psi. 
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TABLE 7.    PHASE I. TASK II - VARIATION IN BONDLINE THICKNESS - FATIGUE RESULTS 

Maximum applied fatigue stress - 2180 psi 

Reinforcement 
(Style)       Fiber Type 

Cured 
Bondline 
Thickness 
(inch) 

1065 Graphite, Thornel 30^      0.0113 

1509 Graphite, Thornel 300 0.0157 

1522 Graphite, Thornel 300        0.0153 

220 

281 

328 

PWA .2) 

Kevlar 49 

Kevlar 49 

Kevlar 49 

Graphite 1) 

Ultimate 
Shear 

Strength 
(Ib/inZ) 

1995 

3800 

4160 

0.0045 

0.0123 

0.011 

0.0085 

4323 

4020 

3542 

4750 

Lifetime 
Fatigue       (cycles 

(%j)f UTS)    to fail) 

Not Tested 

57.3 

52.4 

50.4 

54.2 

X/ox 

61.6 

x/ox 

55 

x/ox 

17.000 
43,000 
27,000 
29,000/ 
13,000 

128,000 
98,000 
75,000 

100,000/ 
27.000 

3,583.000 
2,554.000 

774,000 
2,303,000/ 
1,421,000 

706,000 
365,000 
489,000 
520,000/ 
173,000 

91,000 
80,000 
47.000 
73.000/ 
23,000 

258 000 
204.000 
138,000 
200,000/ 

60,000 

l\   M «iSforifd SdLive w,s fatigue tested ,1«. a m*mm eppHed f.tisue 

stress of 2600 psi. 
3)    x - Statistical Mean 

ox = Standard Deviation 
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TABLE 10. DEMONSTRATION OF FATIGUE IMPROVEMENT 

Test Specimen - Double Lap Shear1' 
Adhesive Resin - ADX-653 
Orientation - 0o2) 
Adherends - Ti (6,4) and Graphite Epoxy Composite 

Reinforcement 

Ultimate 
Shear 

Strength 
(PSi) 

Fatigue 
Stress 
(Psi) 

Percent 
of 

Ultimate 
Strength 

■ 

Fatigue 
Life 

(Cycles) 
Mean 
Life 

Nylon Knit 5165 2070 40 >lo,^2^.ooo3, 

7,960.000 

^O^^OO^ >9,333,000 

2325 45 829,000 

2,160,000 

1,616,000 1,425,000 

2580 50 217,000 

366,000 

PWA Graphite5^ 4950 2480 50 
373,000 

8,737,000 

309,000 

>10,295,0003, 

^O^^OO3' >9,742,000 

2720 55 232,000 

3,843,000 
■ 

9,100,000 5,914,000 

2970 60 733,000 

688,000 

12,000 ,4) 710,000 

1) See Figure 13 for design 
2) Orientation angle of warp direction of fabric to test application direction 
3) Specimens removed from testing without bond failure 
4) Value not included in arithmetic mean 
5) Fabric treated with Z-6040 epoxy silane prior to impregnation 
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TABLE 13      EFFECT OF THE VARIATION OF ADHESIVE LOT AND TEST SPECIMEN TYPE 
TABLE 13.    EFFECT g^j™^ STRENGTH AND mim RESISTANCE OF TYPE 

AS MAT SUPPORTED ADX-653 

Lot 
No. 

3 

3 

1 

Specimen 

A 

A 

B 

B 

D 
Orientation 

0° 
90° 

0° 
0° 
0° 

2) 
Ultimate Shear 
Strength (psi) 

4750 
3540 
4930 
4680 
4530 

Fatigue Life @ 50% 
of Ultimate (cycles) 

9.000 
30,000 
22,000 
89,000 

445,000 

1)   Soecimen Type 
A) Titanium-Titanium Double Lap Shear - for design see Figure 23 
B   Titanium-Titanium Double Lap Shear ■; for design see Figure 7 

2)    Orientation to an arbitrarily chosen direction 
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